Although exposure to stressors is known to increase disease susceptibility and accelerate ageing, evidence is accumulating that these effects can span more than one generation. Stressors experienced by parents have been reported to negatively influence the longevity of their offspring and even grand offspring. The mechanisms underlying these long-term, cross-generational effects are still poorly understood, but we argue here that telomere dynamics are likely to play an important role. In this review, we begin by surveying the current connections between stress and telomere dynamics. We then lay out the evidence that exposure to stressors in the parental generation influences telomere dynamics in offspring and potentially subsequent generations. We focus on evidence in mammalian and avian studies and highlight several promising areas where our understanding is incomplete and future investigations are critically needed. Understanding the mechanisms that link stress exposure across generations requires interdisciplinary studies and is essential to both the biomedical community seeking to understand how early adversity impacts health span and evolutionary ecologists interested in how changing environmental conditions are likely to influence age-structured population dynamics.
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Stress across generations
Understanding the processes that underlie variation in longevity in natural populations remains a central area of biological research. Among vertebrates, one process that is likely to play a key role is the integrated physiological stress response, of which a central component is the release of glucocorticoids [1] . An idea that has permeated gerontology for a century is that prolonged activation of this glucocorticoid stress response can contribute to disease, hasten ageing and increase mortality [2] . Consistent with this, senescent individuals are often characterized by elevated glucocorticoid levels and an inability to properly terminate the stress response [3] . More recently, striking evidence has shown that stress experienced by parents not only affects their own health, but can have long-lasting repercussions on offspring as well [4] [5] [6] . Several human and animal studies have established links between stressful conditions during embryonic and fetal development and disease risk later in life [4, 6] . For example, during the Dutch Hongerwinter famine of 1944 and 1945, pregnant mothers experienced severe nutritional and psychological stress. The children born during the famine had increased incidence of disease decades after the famine had ended [7] . These cross-generational effects are not limited to mothers and can also be observed through the paternal line, as grandfathers that experienced greater nutritional stress during their own childhood produced grandchildren with reduced lifespans [8] .
The mechanisms linking stress exposure to disease progression and ageing either within individuals or across generations are still unclear, but recent work suggests that telomere dynamics (length and loss rate) may play an important role [9, 10] . Telomeres are evolutionarily conserved regions of highly structured, non-coding DNA that form protective caps at the ends of linear eukaryotic chromosomes that are necessary for normal cellular function [11] . Telomeres shorten each time a cell divides as a consequence of normal DNA replication [11] . In addition, in vitro work has shown that telomeres are particularly vulnerable to oxidative damage [12] , which is also supported by some experimental work in model organisms [13] . Although telomeres can be restored by the enzyme telomerase, if shortened to a critical length, cells stop dividing. These senescent cells can have altered secretory profiles which lead to a decline in tissue function that can contribute to disease and the ageing phenotype [11] . Evidence has begun to accumulate in both the biomedical [14, 15] and ecological realms [9, 10] that stress may, in part, affect ageing by accelerating telomere loss.
In this review, we begin with an overview of the connections between stress and telomere dynamics and outline some of the most important underlying mechanisms. Then, we discuss and critically appraise the available evidence of how stress in the parental generation can affect the telomere dynamics of subsequent generations. Throughout, we highlight areas where future inquiry is likely to lead to novel insights about how stress across generations may affect the ageing process. Although the majority of work in this field has focused on mammals and birds, the conserved nature of both the glucocorticoid stress response and telomeres suggests that the links found between stress exposure and telomere dynamics are likely to be seen in all vertebrates. Our goal here is to employ an interdisciplinary approach to provide a framework for the emerging field of how stress can shape ageing patterns across generations.
Stress and telomeres
Glucocorticoid stress hormones, regulated by the hypothalamic-pituitary-adrenal (HPA) axis, increase survival in the face of stressors by mobilizing energy stores, inhibiting unnecessary physiological functions such as growth and reproduction, and regulating behaviours that control energy intake and expenditure [1] . Once homeostasis has been restored, glucocorticoids quickly return to baseline levels. However, exposure to repeated or prolonged stressors can result in chronic exposure to elevated glucocorticoids, which can increase disease risk and reduce longevity [1, 2] , in part through effects on telomere dynamics [9] .
Accumulating evidence suggests that reduction in telomere length is a component of the ageing phenotype as well as a risk factor in a large number of diseases [11] . There are a growing number of reports that telomere dynamics are associated with longevity in both the human epidemiological [16, 17] and the evolutionary ecology literature ( [18] [19] [20] , but see [21] ). Given the growing role that telomeres appear to play in ageing and disease, research has shifted to identifying factors that affect telomere dynamics. While these factors are varied, recent work in both human correlative studies [14, 22] and experimental models [23] [24] [25] has suggested that stress and glucocorticoid exposure hasten telomere shortening and ageing.
Cross-generational effects
Stress experienced by parents can broadly impact the physiology and behaviour of their offspring. These effects can happen in a variety of ways, for example, stress experienced by mothers can expose fetuses to maternally derived glucocorticoids through the placenta [26] , or through their presence in eggs of oviparous species [5] . Whether the transfer of maternal glucocorticoids to offspring is an inevitable physiological constraint associated with poor environmental conditions, or an adaptive maternally mediated cue that alters offspring phenotype in preparation for a stressful environment is a topic of current debate [5] . However, recent work reports that one long-term cost of stress experienced by the parental generation may not only be to their own telomeres, but also to the telomeres of their offspring, suggesting that stress in one generation can have unintended consequences for future generations as well [24, 27] .
The routes whereby parental stress can affect the telomere dynamics of subsequent generations are varied, and taken together we refer to these as cross-generational effects (figure 1). First, parental stress may directly influence the parental germline telomeres pre-fertilization, affecting the telomere length inherited by offspring. Alternatively, parental stress may affect telomere dynamics indirectly either pre-or post-natally. The physiological mechanisms by which stress elicits changes in telomere length are also diverse, and we briefly outline some of the most important mechanisms (box 1).
(a) Direct effects
Parental exposure to stressors may affect the telomere length of gametes before fertilization, which could influence the telomere length that offspring inherit. The degree to which pre-fertilization effects influence offspring telomere length is complicated by the fact that the inheritance of telomere length remains poorly understood. Reported heritability estimates for telomere length range from 32 to 84% [45, 46] . However, recent studies in humans and birds have demonstrated that these heritability estimates are likely to be inflated by parental effects [30,45 -47] , of which parental stress exposure might be particularly important [48] .
Germ cells may be more susceptible to telomere erosion than somatic tissues because they are predicted to be especially vulnerable to oxidative stress [49] . Some evidence suggests that these effects of stress on the germline are transient because unlike most somatic tissues, telomerase in the germline is constitutively expressed [11] , and may 'reset' the telomere length of developing embryos [50] . Nonetheless, recent papers report that the telomere length of parental gametes is sensitive to environmental conditions [51, 52] . In humans, while telomere length tends to decrease with age in somatic tissues [16] , telomere length can increase with age in sperm [51] , and this telomere length may be passed on to offspring. In support of this, offspring produced by older fathers appear to have longer telomeres [51, 53] . Recently, these effects were reported to span multiple generations as the ages of the father and the paternal grandfather at the time of conception both had a positive influence on offspring telomere length [54] . Although these results are intriguing, they are cross-sectional. Consequently, they might have occurred because older fathers represent a distinct subset of the population that always had relatively long telomeres in their sperm rather than age-related changes in sperm telomere length within these fathers.
A recent longitudinal study in birds also found a connection between parental age and offspring telomere length, but this time in mothers [52] . Interestingly, the effect depended on the malarial infection status of the mother. As infected mothers aged, they produced offspring with shorter telomeres, whereas the opposite was true in uninfected mothers [52] . This suggests that the state of the mother, and hence prior exposure to rsbl.royalsocietypublishing.org Biol. Lett. 11: 20150396 stressors, can influence offspring telomere length. In this study as well as the aforementioned human studies, telomere length in offspring was only measured once, typically at the end of postnatal development or in adulthood. So while suggestive, these effects could also be the result of indirect effects on telomere loss that occurred during both pre-and post-natal development (see below) rather than direct effects on gamete telomere length.
Demonstrating conclusively that parental exposure to stressors influences the telomere lengths of gametes, which are then transmitted to offspring, will require measuring gamete telomere length and experimental designs that employ artificial insemination and cross-fostering techniques to rule out the possibility of changes in maternal and paternal investment [55] . However, if parental exposure to stressors has direct effects on offspring telomere length, this could have large health implications for multiple future generations [54] .
(b) Indirect effects
Parental exposure to stressors can also influence offspring telomere loss indirectly during both pre-and post-natal development. In two separate human correlative studies, mothers that reported experiencing higher levels of stress during pregnancy produced offspring with shorter telomeres at birth [27] and in young adulthood [48] . In addition, children exposed to higher levels of parental abuse and neglect during childhood experienced greater telomere loss [22] . While these human studies establish an interesting pattern, they are necessarily correlative and include potential biases associated with self-reporting, which makes it difficult to determine causal relationships. For example, these patterns could also have arisen if certain parental phenotypes are more likely to encounter stressors and to produce offspring with shorter telomeres or faster erosion rates.
A handful of experimental studies in laboratory animals have also explored indirect cross-generational effects of parental stress exposure on offspring telomere dynamics. For example, in zebra finches, glucocorticoids were experimentally elevated in mothers during egg production [23] and in chickens, glucocorticoids were directly injected into eggs [24] . In both cases, the resulting chicks had shorter telomeres than controls. These results could be due to effects that occurred during germline telomeres germline telomeres parental stress exposure may directly affect parental germline telomeres pre-fertilization: germline telomeres are inherited by offspring pre-natal: parental stress exposure may indirectly affect offspring telomere loss during pre-natal development by maternally derived glucocorticoids (*oviparous embryos develop outside of the mother's body allowing for easy manipulation independent of the mother for testing effects of parental stress) post-natal: parental stress exposure may indirectly affect offspring telomere loss during post-natal development if the parental stress alters parental behaviour or care, which then affects telomere loss direct effects indirect effects Figure 1 . The routes by which parental exposure to stressors can influence the telomere dynamics of subsequent generations. These effects can occur to germline telomere length prior to fertilization (direct effects) and influence the telomeres that offspring inherit. These effects can also occur to telomere loss during both pre-and post-natal development and we refer to these as indirect effects (within the grey box).
rsbl.royalsocietypublishing.org Biol. Lett. 11: 20150396 pre-and post-natal development. In the chickens, these effects are most likely due to exposure while in ovo since offspring received no post-natal care [24] . In birds, recent experimental research during the post-natal period has also demonstrated that exposure to nutritional and social stressors such as being raised in a larger brood or at a lower social rank leads to greater telomere loss [56] [57] [58] .
More experimental studies at these different life-history stages are critically needed, as the effects of parental stress exposure during pre-and post-natal development might interact to influence offspring telomere dynamics. For example, rat pups that were gestated by mothers on a low protein diet, but weaned by mothers on a control diet had significantly shorter telomeres and reduced longevity compared with pups that were gestated by mothers on a control diet and weaned by mothers on a low protein diet [59] . This suggests that both the timing of parental stress exposure and the interaction between developmental stages can have an important impact on offspring telomere dynamics, possibly even changing the direction of the effect.
Future work should prioritize experimental approaches that employ full factorial designs that manipulate parental stress exposure during both pre-and post-natal development.
As the studies above show, parental stress exposure can clearly influence offspring telomere dynamics. But, these effects can differ substantially among individuals based on how they respond to stressors [60] and this has received much less attention. A recent human study suggests that individual differences in stress resilience might depend critically on genetic -environmental interactions [61] . For example, boys with the greatest genetic sensitivity within the serotonergic and dopaminergic pathways experienced greater telomere shortening in stressful social environments, but less telomere shortening in non-stressful social environments, compared with boys with less genetic sensitivity in the same pathways. In other words, both the magnitude and the direction of the influence of stress on telomere attrition depended on the individual's genetic background. Individual variation in how exposure to stressors influences telomere attrition and Box 1. Mechanisms by which stress affects telomere dynamics.
Parental stress exposure may affect telomere dynamics in their offspring through a number of non-mutually exclusive mechanisms, which may be interconnected. For example, recent literature has shown that nutrient signalling [28] , insulin resistance [29] , sex steroids [30, 31] , inflammation [32] and even chronic pain [33] may affect telomere dynamics. However, glucocorticoids have received the most attention thus far, and below we focus on how elevated parental or offspring glucocorticoids may affect offspring telomeres.
Oxidative stress. A recent meta-analysis reported that elevated glucocorticoids are often associated with an increase in oxidative stress levels [34] . Compared with other regions of DNA, telomeres are particularly vulnerable to oxidative damage [35] owing to both a relatively high guanine content and also reduced DNA repair [35] . In addition, oxidative stress exacerbates telomere loss, because the amount of unrepaired oxidative damage to the telomeres influences the magnitude of telomere loss at the next cell division [12] . In vitro work has shown that blocking the glucocorticoid receptors via RU486, a glucocorticoid receptor antagonist, also blocks the glucocorticoid-mediated rise in free radical production, suggesting that glucocorticoids regulate genes involved in free radical generation [36] . Likewise, short-term exposure to glucocorticoids induced a fivefold increase in DNA damage and pre-treatment with RU486 eliminated this increase. These effects of elevated glucocorticoids appear to specifically interfere with DNA repair mechanisms [37] . Glucocorticoids may also promote oxidative stress by disabling either enzymatic antioxidants or dietary antioxidants [38] , but these effects may vary by tissue [39] .
Telomerase. Elevated glucocorticoids have also been shown to influence telomerase; however, the results are somewhat conflicting [14, 15, 40] . In humans, women exposed to long-term, chronic stress had decreased telomerase expression and greater telomere shortening in leucocytes [14] , and experimentally elevated glucocorticoids in lymphocytes reduce telomerase expression in vitro [40] . However, in rats, experimental exposure to stressors resulted in elevated telomerase expression in leucocytes [15] . These contrasting results may be due to differences in the severity or duration of exposure to the stressor.
Reprogramming the HPA axis. Given that glucocorticoid levels can affect telomeres through both oxidative stress and telomerase, it is important to note that exposure to maternal glucocorticoid stress hormones during embryonic development can have long-term 'programming' effects on the HPA axis [4, 5] . The direction of this modification is quite variable and not only depends on the timing, duration and magnitude of glucocorticoid exposure, but also varies by species and sex [41] . Maternal transfer of glucocorticoids can reduce the number of glucocorticoid type I and II receptors in the hippocampus [42] , resulting in impaired negative feedback control of glucocorticoid secretion leading to higher baseline levels and a prolonged duration of the stress response [41] . In a manipulative study in chickens, individuals exposed to experimentally elevated glucocorticoids during embryonic development had elevated glucocorticoid exposure following an acute stressor, and shorter telomeres compared with the control birds [24] . In addition, seabird chicks exposed to handling stress during post-natal development secreted higher levels of glucocorticoids and experienced greater telomere loss than unexposed chicks [43] .
Epigenetics. Epigenetics, the alteration of DNA expression through histone modifications, methylation or the production of small RNA molecules, may also mediate parental stress exposure on offspring telomeres. Humans that experienced prenatal exposure to famine had less DNA methylation of the imprinted IGF2 gene 60 years later relative to unexposed siblings [7] . These epigenetic effects can also be mediated through the paternal line. For example, male mice that were exposed to chronic stress prior to breeding produced offspring with altered expression of glucocorticoid-responsive genes that were less responsive to stress than those of control males. Importantly, the treatment also influenced the micro RNA of the males' sperm [44] . It remains unclear whether these epigenetic changes to offspring would influence their telomere dynamics. However, it is also possible that stress exposure in the parental generation could have epigenetic effects on offspring telomere regulation, as there is increasing evidence that epigenetic markers play a role in telomere length homeostasis [11] .
rsbl.royalsocietypublishing.org Biol. Lett. 11: 20150396 thus how these traits are related to one another clearly deserves more study. Future work in this area could have important implications for our understanding of the role of stress responsiveness and telomere dynamics in mediating life-history trade-offs [62] and for human health [63] .
In addition, although parental stress exposure has been shown to have indirect effects on offspring telomere dynamics in a range of tissues [56, 59] , whether certain tissues are more buffered than others remains poorly understood. Generally, there is good correspondence in telomere lengths among tissues within individuals in humans [64] , as well as in birds [65] . A recent cross-sectional study in humans reported that telomere loss rates are relatively constant across tissue types in adulthood. This suggests that any differences among tissues are likely established during pre-and post-natal development [64] and there is some evidence that the effects of parental stress on offspring telomere dynamics can be tissue specific [59] . For example, rat mothers exposed to stress during gestation produced pups with shorter telomeres in the liver and in the kidney, but not in the brain [59] . This may be because less proliferative tissues are less sensitive to parental stress exposure. Variation in the timing of parental stress exposure, telomerase expression patterns and sensitivity to oxidative stress may also contribute to differences in offspring telomere lengths among tissues (box 1). Whether tissue-specific effects have long-term functional consequences making certain tissues more susceptible to age-related disease is currently unknown and is an important area for future study.
Conclusion
Evidence is growing that exposure to stressors in the parental generation can have long-term consequences for offspring health [4] [5] [6] and this connection may be mediated in part by telomere dynamics. Currently, there is great interest in whether parents that experience stressful circumstances adaptively 'programme' their offspring to be better able to cope with stressful environments at subsequent life-history stages [5, 6, 66] .
Interestingly, recent data also suggest that offspring are unlikely to be passive recipients of maternal glucocorticoids during embryonic development [67] and may temper parental stress effects. Regardless, while most evidence suggests that the effect of parental stress exposure on offspring telomeres is negative, it is important to remember that this is just one trait that can contribute to parental and offspring fitness. For example, in red squirrels, in high-density years, mothers transferred elevated glucocorticoids to their offspring in utero, increasing offspring growth and fitness [68] . Although offspring telomere dynamics were not measured in that study, previous research in mammals and in birds suggests that accelerated growth increases telomere loss [69] . Consequently, investment in traits that increase fitness is expected to be favoured, even if they come at a cost to traits associated with longevity, such as telomere length [62] .
Integrative studies of the fitness consequences of parental stressor exposure on offspring telomere dynamics and the proximate mechanisms that underlie them will be critical for predicting the long-term consequences of stress exposure in the parental generation on future generations. As highlighted above, we need more information about how these effects vary between developmental stages, among individuals, and within tissues of individuals. This knowledge will be essential for both evolutionary ecologists interested in predicting the effects of increasing human perturbations and environmental stochasticity on population dynamics, and the biomedical community, which is interested in the best ways to mitigate the effects of early life adversity on human health.
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